Abstract The study evaluated the applicability of differential scanning calorimetry (DSC) for the detection of water content in butter. High correlation coefficients were found between the water content and the enthalpies of the ice melting/water crystallization. The correlation equations were adopted to calculate the water content for seven tested kinds of butter, and the results were compared with the values, obtained by using the reference method. The difference between the water content determined by the reference method and by DSC ranged between 0.2 and 2.6% for the measured enthalpy of ice melting, and between 1 and 5.6% for the enthalpy of water crystallization. In relation to the data obtained, it can be concluded that the parameter of ice melting enthalpy can be used in the identification of adulterations or confirmation of butter authenticity.
Introduction
Differential scanning calorimetry (DSC) is extensively used in chemistry and physics to analyze, e.g. phase transitions of different compounds [1, 2] . Recently this technique has been used with increasing frequency to investigate food components as well as to detect food adulteration. Butter, due to its relatively high price, is frequently adulterated either with foreign fats (of animal or vegetable origin) or water. The name ''butter'' is reserved for a product containing max. 16% water in accordance with the Regulation of the Council (EC) no. 2991/1994 [3] . Adulteration of butter with water is at present detected using a reference method for the determination of water in butter, according to the standard [4] . Unfortunately, it is a highly time-consuming method. Studies conducted to date have shown applications of calorimetry to detect adulterations of edible fats with other, foreign fats [5] [6] [7] . The content of water can be measured with various techniques or methods. The DSC technique has been applied to analyze states of water, e.g., in such a biological system as food. With the use of this technique, phase transitions may be investigated, such as crystallization (measurement of energy released from the system), melting, or evaporation of water (measurement of energy absorbed during heating). Cooling curves constitute one of the simplest and most frequently used methods in the determination of freezing points of food; they have been used in the analysis of freezing point of milk [8] or tuna meat [9] . Numerous types of water are distinguished in food, such as bound water and free water, bulk water, or freezable water. Rahman [10] defined in the literature different states of water, such as bound, free, capillary, mobile, non-solvent, and unfreezable water. The concept of bound water was discussed as controversial by Wolfe et al. [11] , who posed a question ''what is unfreezable water, how unfreezable is it and how much is there?''. Unfreezable water content was estimated also by comparing DSC endotherms of samples having freezable water from the plot of melting enthalpy as a function of water content in strawberries [12] , dates [13] , cabbage [14] , and garlic [15] . If ice formation, i.e., the transition into the crystalline state, does not occur in subzero temperatures, then water is found in the so-called vitreous, i.e., amorphous state. It was shown that water passes into the vitreous state in different products at different temperatures, which is visible in thermograms by the baseline shift [16, 17] . Another form in which water is found in food is the so-called unbound water, which during cooling undergoes crystallization, being seen as a narrow and sharp peak. Butter is a water-in-oil type emulsion, in which water exists as a dispersed hydrophilic substance not miscible with the hydrophobic fat phase. In studies, in which the phenomenon of the change in the state of aggregation of water is used for its quantitative determination, a relationship was proven between the amount of heat absorbed by the material during phase transition and the amount of water in this material. In accordance with the above, the amount of heat required to melt ice increased proportionally to the content of water in the system. The linear character of this dependency was even proven [16] . An example of an application of these results is, e.g., connected with the analysis of the content of free (freezable) water in beef muscles, conducted by Aktas et al. [18] . The behavior of water in the emulsion was also studied by DSC as a function of controlled dehydration of cheese spreads [19] or in crude oils [20] .
The aim of this study was to present an attempt at the application of differential scanning calorimetry in the determination of water content in butter and next in the detection of butter adulteration with water. For this purpose, analyses were conducted on crystallization and melting of water contained in butter as well as water added to butter fat at different amounts. Repeatability of measurements and a relationship between enthalpy of melting and crystallization, and the amount of water in butter fat were also evaluated. An equation was also established for the calculation of water content using the enthalpy values of both crystallization and melting of water present in different amounts in butter.
Experimental

DSC
A Perkin Elmer DSC-7 was used to determine ice melting/ water crystallization temperatures and enthalpies. During all the measurements, dried nitrogen was used to purge the thermal analysis system (head and glove box). The device was calibrated using the standards of indium (T m = 156.60°C, DH = 28.45 J g -1 ) and n-dodecane (99.8 purity, Merck, T m = -9.65°C). Samples were weighed (in the range of 9-13 mg) to aluminum pans (50 lL total volume, Perkin Elmer) and hermetically sealed. The temperature regime involved two steps, i.e., cooling from 50 to -40°C and heating from -40 to 50°C; the scanning rate was 5°C min -1 . An empty pan was used as the reference sample. DSC analyses were performed in triplicate for every sample. The peak temperatures and enthalpies of water crystallization and ice melting were determined. The enthalpies were normalized per 1 g of the sample mass.
Determination of the calibration curve
The calibration curve was established on the basis of the enthalpy of ice melting/water crystallization. Samples were obtained by mixing with a homogenizer of different amounts of water (5, 10, 15, 20, 25 , and 30%) with anhydrous butter fat (w/w).
Determination of water content using determined equations in different butter samples
Water content in seven different butters coming from different producers, with different water contents, was determined using the established equations. Moreover, in these samples, water content was also determined by the reference method [4] .
Statistical calculations
The study comprised the analysis of correlation and its significance using STATISTICA 7.0 software. The index of relative standard deviation RSD (%) was calculated as a ratio of standard deviation to the mean multiplied by 100.
Results and discussion
DSC thermal analysis of crystallization and melting of butter Figure 1 presents the curve of cooling and heating of butter with water content of 15.54%. During butter cooling, peaks connected with the liquid-solid exothermic phase transition of fat and water may be observed. At a temperature of approx. 15°C, the first-order transition corresponding to the crystallization of butter fat triacylglycerols occurred. Subsequently, at a temperature about -20°C, there is a very intensive water crystallization phase transition, seen as a very sharp and narrow peak. Heat of the phase transition for water crystallization is approx. four times higher than that of butter fat crystallization (DH fat = approx. 75 J g fat -1 , DH water = 333.2 J g water -1 ). Formation of ice in butter occurs at a temperature much lower than 0°C, i.e., from -20 to -25°C, which is connected with the phenomenon of supercooling. Similar results of water crystallization temperature were reported in previous studys [16, 19] . The effect of the presence of fat and other components, such as, e.g., protein, on a lowering of crystallization point is ambiguous, since for pure water the crystallization point was found to be -22°C. In turn, in the process of butter heating (the melting curve, Fig. 1 ), endothermic transitions connected with the solid-liquid phase transition take place. At a temperature of approx. -4.0°C, a symmetrical and narrow peak, slightly wider than that of crystallization, connected with ice melting can be observed. Further heating results in the appearance of smaller peaks, more broadened and with a gentle course, coming from melting of triacylglycerols contained in butter fat. Transition of fat melting ends at a temperature of approx. 35°C, which corresponds to complete butter clarification and the presence of the liquid phase only.
Repeatability of results Table 1 presents the results of analyses in terms of their repeatability, concerning temperature and enthalpy of ice melting and water crystallization in pure samples of butter, containing 15.54 and 21.33% water. Higher values of enthalpy of water crystallization and ice melting were recorded for the samples of butter with higher water contents. Repeatability of measurements was evaluated on the basis of relative standard deviation expressed in percent (% RSD). This is a relative measure of dispersion; thus, it facilitates a comparison of data with different distributions. Table 1 also compares the repeatability of DSC analysis for the three determinations of the same sample (three runs of melting and crystallization of the same sample) and for three samples prepared from the same butter batch. The aim of such a comparison is to verify the homogeneity of butter, as a material being a water-in-oil emulsion. Based on the results presented in Table 1 , it can be concluded that the standard deviations and RSD values for one sample analyzed three times were lower than the deviations for the three samples tested separately. However, these differences were not significant. Presented results show also that DSC measurements for temperature and enthalpy of water crystallization and ice melting points in butter samples are characterized by high repeatability at RSD ranging from 0.4 to 5.6% for the same sample repeated three times and from 2.4 to 4.8% for the three samples. Measurements of enthalpy during cooling and heating of butter samples had even lower RSD than those for temperature, i.e., from 0.5 to 1.2% for the same sample and from 2.2 to 4.5% for three samples. Moreover results presented in Table 1 showed that enthalpies of water crystallization and ice melting differ significantly (P \ 0.05) for different amount of water (15.54 and 21.33%). Enthalpy of ice melting/water crystallization depending on water content in butter
In order to investigate the dependence between the enthalpy and the water content in butter, samples of anhydrous butter fat were homogenized with water at the following concentrations: 5, 10, 15, 20, 25, and 30% (w/w). Water crystallization and ice melting points, as well as changes in enthalpy depending on the level of water content are presented in Table 2 . On the basis of temperature values presented in Table 2 , it may be observed with regularity that the temperatures of water crystallization and ice melting increase with an increase in the water content, for cooling by approx. 4°C and for melting by approx. 2°C. Regarding the enthalpy it may be stated that the lower the water content, the lower the enthalpy of water crystallization and ice melting. Such dependence was already found in earlier studies, where it was stated that the level of enthalpy for each of the processes, i.e., melting and crystallization, is linearly dependent on the amount of the substance [16, 19] . A decreasing size of peaks for water crystallization or ice melting, and as a result-also enthalpy, is connected with two phenomena, i.e., the decreasing percentage of water in the sample, as well as changing properties of water. The value of enthalpy was analyzed as converted for the amount of water contained in the sample, and it turned out that this value drops from approx. 300 J g -1 for a 30% water content in the sample (which is close to the value of enthalpy for pure water) to approx. 180 J g -1 for a 5% water content. These data will be presented in a separate article. A similar phenomenon was also observed when investigating the level of cheese hydration [19] . By comparing the enthalpy of water crystallization and ice melting, can be observed that these values are not equal for the same water concentrations. Enthalpy values of water crystallization are always lower than those of melting enthalpy for the corresponding concentrations, which may result from the fact that crystallization occurs in a very rapid way, and some data may be lost during the measurement.
Calibration curve
On the basis of the above observations, an analysis was conducted on the correlation between the enthalpy and the water content in butter fat to determine the calibration curve for the calculation of the water content in butter samples. Correlation curves between enthalpies and water content together with correlation equations are presented in Fig. 2 . Close correlations statistically significant at the significance level a = 0.001 were found. Correlation coefficient (r) obtained for a dependence of ''water content-enthalpy of ice melting'' was r = 0.99 and for ''water content-enthalpy of water crystallization'', r = -0.98. Extrapolation of lines presented in Fig. 2 to values of enthalpy (DH) equal to zero provides information on the amount of water, which may not crystallize, thus yielding Determination of water content in butter samples based on calibration curves
On the basis of equations established for the dependencies of ''water content-enthalpy of ice melting'' and ''water content-enthalpy of water crystallization'' (Fig. 2) , the content of water was calculated for seven purchased butters coming from different producers. The actual content of water in those samples was determined using the reference method [4] . Results are presented in Table 3 . On the basis of the established difference in the contents of water between the determination by the reference method and that by DSC, the accuracy of the determinations of the water content provided by this technique can be established. It was observed that for the water content in butter within the range of 15-32%, accuracy ranged from 0.2 to 2.6% for the enthalpy of melting, while for crystallization these values were slightly higher, i.e., from 1 to 5.6%. The mean value for accuracy for the seven tested samples of butter was 1% in case of the analysis of the melting process or 2.6% for crystallization. These values indicate that a higher accuracy of determinations is provided for the analysis of ice melting in butter samples than in the process of water crystallization. A linear graph, analogous to that in Fig. 2 , was prepared for correlations of butter samples (results presented in Table 3 ) between enthalpy of water crystallization/ice melting, and the actual water content in seven analyzed butter samples (determined by the reference method). The obtained equations in Fig. 3 are similar to those of calibration curves, presented in Fig. 2 .
Conclusions
It results from the presented analyses that the DSC technique for the processes of water crystallization and ice melting in the water-in-oil emulsion, such as butter, is characterized by a high repeatability of measurements both for temperature and enthalpy. The obtained mean index of RSD for all measurements of enthalpy of water crystallization was 4.8%, while for melting it was 4.2%. For water crystallization and ice melting temperatures, they were 5.4 and 3.7%, respectively. These data indicate that the DSC technique may be considered as a thermoanalytic technique in the analyses of organic origin materials such as, e.g., food. Results also showed that there is a linear dependence between the enthalpy of phase transitions of water (crystallization, melting) and its content in samples of butter within the investigated range of 5-30% water concentrations. Decrease in the enthalpy with a decrease in the water content results not only from the reduction of the percentage content of water in the sample, but also from changing properties of water with a reduction of its content in butter. In view of the higher accuracy of water determinations in butter samples based on the measurement of enthalpy of ice melting (at 1%) than the measurement of enthalpy of crystallization (at 3%) and the fact that crystallization is a metastable process, which is occasionally manifested in more than one crystallization peaks, practical applications may be considered for this method of determinations of melting enthalpy in the identification of butter adulterations within a time period much shorter than that in the reference method. The final confirmation of the suitability of DSC in the determination of water content in butter requires further studies concerning the repeatability of determinations and the calibration curve for the purpose of quantitative evaluation of adulterations. This method may prove to be more attractive if it turned out to be possible with the use of this technique to detect adulteration of butter with foreign fats. In such a case, at one determination, it would be possible to confirm authenticity of butter in terms of water content and the presence of foreign fats.
